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learning was retarded only when the platform appearedHippocampal CA3 Networks in a new place. When a position from a previous training
day was reused, acquisition was normal. These results
suggest that NMDA receptors in CA3 play a crucial role
in the immediate encoding of unique events.The hippocampus plays a crucial role in the encoding
The authors next studied the effect of NR1 deletionand retrieval of episodic memory. In this issue of Neu-
in CA3 on spatial representation in pyramidal cells inron, Nakazawa and coworkers show that synaptic
CA1, the major output region of the CA3. Extracellularmodification in hippocampal CA3 neurons is critical
action potentials were recorded while mice explored afor immediate storage of information, a key feature of
familiar and a novel arm of an L-shaped track. Hippo-episodic memory.
campal pyramidal cells typically display location-spe-
cific firing in such environments. Deletion of NR1 in CA3
The hippocampus is believed to be essential for the had no effect on spatial firing in the familiar arm. How-
encoding of episodic memories. One unique property ever, when the mice entered the novel arm, the new
of this structure which may subserve the encoding of firing fields that developed there were broader and more
new associations is the high recurrent connectivity of irregular in mutant animals than in controls. This impair-
principal cells in some of its subfields. Pyramidal cells ment was expressed only during the first exposure to
in the CA3 subfield receive direct synaptic input from the new arm. When the test was repeated 1 day later,
as many as 2% of the other pyramidal cells in CA3 or both groups had sharp and distinct place fields in both
4% if only ipsilateral pyramidal cells are counted (Amaral arms. These data indicate that loss of NMDA receptors
et al., 1990). A high degree of recurrent connectivity in CA3 retards the development of place fields in CA1
may allow associations to be made between a large pyramidal cells and provide a possible cellular explana-
proportion of the cells in the network. Thus, the exten- tion for the impairment of rapid learning in the water
sive recurrent connections of CA3 may, in principle, maze after NR1 deletion in CA3.
allow the network to store any combination of elements The new data raise several interesting issues. First,
in an impulse pattern projected from the neocortex to the impairment of spatial tuning in CA1 does not tell us
individual CA3 cells (Marr, 1971; McNaughton and Mor- which computational operations failed in CA3. How is
ris, 1987; Treves and Rolls, 1992). Recurrent connectivity new information stored in CA3 in the normal animal, and
would, in other words, enable the network to encode how is this information retained and processed further
the unique associations that must be made for a pattern as it reaches CA1? How does the CA3 interact with other
to be remembered as an episode. elements of hippocampal circuitry, and could the effects
If new associations are to be stored in a recurrent of NR loss in CA3 be attributed to any of these interac-
network like the one in CA3, the constituent synapses tions? One possibility is that the storage of new patterns
of information may depend on plasticity in recurrent CA3must be modifiable. Synapses between CA3 pyramidal
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synapses, and successful retrieval of these patterns may are known to fire in patterns that are reminiscent of the
depend on strengthened perforant-path input to the activity displayed by the same neurons during explora-
same CA3 neurons (Treves and Rolls, 1992). However, tion in the preceding awake state (Wilson and McNaugh-
rapid learning may also rely crucially on NMDA receptors ton, 1994; Louie and Wilson, 2001). Thus, in the Naka-
in mossy fiber synapses between granule cell terminals zawa study, the original input pattern from the first trial
and proximal CA3 pyramidal cell dendrites. While pre- in the new environment may to some extent have been
synaptic mechanisms support LTP in these synapses, reactivated during the succeeding resting period. Such
bursts of granule cell firing have also been reported to reactivation may have been sufficient to modify syn-
induce heterosynaptic potentiation in the perforant-path apses that do not respond as efficiently to single events
synapses of postsynaptic CA3 pyramidal neurons (Tsu- as those in CA3. Reactivation takes place throughout
kamoto et al., 2003). This non-Hebbian form of potentia- large parts of the brain (Hoffman and McNaughton, 2002)
tion was dependent on NRs in the mossy fiber terminal and might possibly occur in CA1 even in the absence
zone and, so, would be lost in mice with NR absent in of NMDA receptors at synapses in CA3. Clearly, it will
CA3. If the loss of these NRs contributes to the impair- be important to examine whether reactivation in the re-
ment of one-trial learning, a similar behavioral deficit maining hippocampal circuit of CA3-NR1 KO mice in-
may be seen after inactivation of the dentate gyrus. duces plasticity that in turn gives rise to sharply tuned
An important direction for future work, therefore, is to place fields.
determine the differential contribution of NRs in different The results reported by Nakazawa and colleagues
synaptic populations in CA3. represent an important step toward the understanding
One interesting observation was that spatial tuning in of memory encoding by the hippocampus. The field has
CA1 was impaired in mutants only on the first trial in now matured to a stage where the computational func-
the unfamiliar environment. On day two, the new place tion of individual hippocampal subfields and individual
cell ensembles were indistinguishable from those of the synaptic populations, as well as their interactions, can
control mice, in spite of NR1 deletion in CA3. This sug- be addressed with powerful experimental tools. The iso-
gests that CA3 may not be the only circuit that can store lation of one of the behavioral functions of CA3 may
complex spatial patterns. Other circuits may also do the represent only the beginning of a new exciting story.
job, albeit at a slower rate. Where are these “other”
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Edvard I. Moser and May-Britt Moserreaches the CA1 via two routes through the entorhinal
Centre for the Biology of Memorycortex: the direct perforant-path route and the indirect
Norwegian University of Science and Technologyroute through dentate gyrus and CA3. Both pathways
Trondheim 7491may provide spatial signals to the CA1. The authors
Norwaysuggest that rapid development of place fields in CA1
normally depends on input from newly formed functional Selected Reading
ensembles in CA3. When NMDA receptors in CA3 are
lost, place fields in CA1 may to a larger extent reflect Amaral, D.G., Ishizuka, N., and Claiborne, B. (1990). Prog. Brain Res.
83, 1–11.the concurrent spatial input from cells in the superficial
Bliss, T.V.P., and Collingridge, G.L. (1993). Nature 361, 31–39.layers of the entorhinal cortex (Brun et al., 2002), where
cells have broader and more scattered place fields than Brun, V.H., Otnæss, M.K., Molden, S., Steffenach, H.-A., Witter, M.P.,
Moser, M.-B., and Moser, E.I. (2002). Science 296, 2243–2246.in CA1 (Quirk et al., 1992). However, this does not explain
Hoffman, K.L., and McNaughton, B.L. (2002). Science 297, 2070–how the place fields recovered. The recovery could re-
2073.flect plasticity in perforant-path or intrinsic synapses of
Louie, K., and Wilson, M.A. (2001). Neuron 29, 145–156.the CA1 network, or the modifications might occur in
upstream cortical areas. If the plasticity is in the CA1, Marr, D. (1971). Philos. Trans. R Soc. London B Biol. Sci. 262, 23–81.
the mechanism must be very different from the one en- McClelland, J.L., McNaughton, B.L., and O’Reilly, R.C. (1995). Psy-
chol. Rev. 102, 419–457.visaged for CA3, as pyramidal cells in CA1 have virtually
no recurrent connections. If it is in the neocortex, one McNaughton, B.L., and Morris, R.G.M. (1987). Trends Neurosci. 10,
408–415.might expect to see a similar development from day one
Nakazawa, K., Quirk, M.C., Chitwood, R.A., Watanabe, M., Yeckel,to day two in the superficial layers of the entorhinal
M.F., Sun, L.D., Kato, A., Carr, C.A., Johnston, D., Wilson, M.A., andcortex.
Tonegawa, S. (2002). Science 297, 211–218.When exactly were synapses in this other circuit modi-
Nakazawa, K., Sun, L.D., Quirk, M.C., Rondi-Reig, L., Wilson, M.A.,fied? Perhaps the most remarkable finding of the paper
and Tonegawa, S. (2003). Neuron 38, this issue, 305–315.was that the poor spatial tuning of the new place fields
Quirk, G.J., Muller, R.U., Kubie, J.L., and Ranck, J.B., Jr. (1992). J.at the end of day one was gone at the start of day two.
Neurosci. 12, 1945–1963.The recovery must therefore have occurred between
Squire, L.R., and Alvarez, P. (1995). Curr. Opin. Neurobiol. 5,these trials. How is this possible? The hippocampus is
169–177.thought to participate in the consolidation of episodic
Steele, R.J., and Morris, R.G.M. (1999). Hippocampus 9, 118–136.memory, a process by which memories may be stored
Treves, A., and Rolls, E.T. (1992). Hippocampus 2, 189–199.in a more permanent manner in the hippocampus and,
Tsukamoto, M., Yasui, T., Yamada, M.K., Nishiyama, N., Matsuki,eventually, in its neocortical target areas (McClelland et
N., and Ikegaya, Y. (2003). J. Physiol. 546, 665–675.al., 1995; Squire and Alvarez, 1995). Consolidation is
Wilson, M.A., and McNaughton, B.L. (1994). Science 265, 676–679.thought to be an offline process that takes place when
the animal is inactive. During slow-wave sleep and REM
sleep, in particular, ensembles of hippocampal neurons
